Structural changes of arene ligands upon coordination with Cr(CO)3 result from charge transfer, and they are shown to be quite similar to those found in π-complexes with NO + and arene cation radicals.
Introduction
Chromium tricarbonyl complexes with various arene ligands are finding increasing use in organic synthesis. 1, 2 Critical to this application is an understanding as to how complexation by chromium tricarbonyl affects the aromatic ligand itself. Heretofore, most of the theoretical attention has been directed toward an understanding of the bonding of Cr(CO)3 to the arene. 3 Although there are numerous reports on the X-ray crystallographic characterization of (η 6 -arene)Cr(CO)3 complexes, only a few of them address the bond-length changes in the arene companion upon coordination with Cr(CO)3. 4 The latter must be an important factor since it has been found that Cr(CO)3 confers upon the η 6 -coordinated arene a higher activity and a greater susceptibility to nucleophilic substitution with concomitant reduced reactivity to electrophilic attack. 5 A substantial dipole moment (μ ≈ 5 D) has been measured in the benzene complex (η 6 -C6H6)Cr(CO)3 which increases with the number of electrondonating substituents and decreases with electron-withdrawing substituents, as expected for an overall bond moment in the direction (arene) → (Cr). 6 These observations lead to the notion that the multicentered ligand-to-metal bond in tricarbonylchromium complexes involves the transfer of electron density from the arene π-orbitals to the 3d-orbitals of the transition-metal center. Indeed, the electrochemical reduction of (η 6 -arene)Cr(CO)3 complexes is generally much easier than that of the free (uncomplexed) arene, qualitatively indicating electron removal from the arene ligand. 7, 8 On the other hand, the first ionization potential (involving electron ejection from the chromium 3d-orbital) greatly decreases from IP = 8.40 eV in Cr(CO)6 9 to 7.42 eV in (η 6 -C6H6)Cr(CO)3, 10 i.e., upon the replacement of a weak donor ligand by a stronger (benzene) donor.
Structural Changes of Class I Aromatic Donors in Tricarbonylchromium
Complexes. The molecular structures of the 1:1 complexes of Cr(CO)3 and class I arene donors adopt the usual staggered conformation, with Cr lying above the benzenoid ring (equidistant from each ring carbon), as illustrated in the top perspectives for HMB and TET in Figure 1 . The distance between chromium and the center of the benzenoid ring in the HMB complex is 1.731(3) Å, but it is longer in the hindered TET (1.753 Å) and DMA (1.770 Å) analogues, the faces of which are shielded by bicyclic substituents against the approach of Cr(CO)3. 17 Figure 1 Molecular structures (top perspective) of typical (arene)Cr(CO)3 complexes where arene = HMB (a) and TET (b) as described in Chart 1. Hydrogens are omitted for clarity. Thermal ellipsoids are shown at 50% probability level.
The expansion of the benzenoid ligand upon complexation is the structural feature that we consider most important in this study. As such, Table 1 reports the average aromatic (C−C) bond distance (d) in the complexed aromatic ligand relative to that in the free arene donor. 18, 19 Most importantly, the notable increase in the average C−C bond lengths of Δ = 1.0−1.9 pm is observed in all cases and establishes the significant expansion of the aromatic ligand upon Cr(CO)3coordination. 
Structural Changes of Class I Aromatic Donors in Charge-Transfer Complexes with Nitrosonium
Cation. To place the structural alteration of the arene ligand in perspective, let us compare the change in arene structure when it is involved in the intermolecular noncovalent interaction with a bona fide electron acceptor such as nitrosonium (NO + ), 20 e.g., where X -= BF4 -, SbCl6 -, AlCl4 -, etc. The nitrosonium complexation in eq 3 is kinetically reversible, and the results in Table 2 show that the formation constants KEDA for the class I donors are uniformly high in acetonitrile solutions. X-ray crystallographic analysis of the various aromatic complexes with NO + has established the general π-character of the intermolecular interaction (Figure 2 ), which is indeed highly reminiscent of the symmetric (3-fold) structures of (arene)Cr(CO)3 shown in Figure 1 . However, the main-group acceptor (NO + ) can utilize only the limited 2s-and 2p-orbitals for π-bonding to the arene donor, 22 unlike the transition-metal moiety Cr(CO)3, which has highly delocalized (multicenter) 3d-orbitals available for charge-transfer bonding. The spectral complexity of the latter can obscure the essential electron redistribution in the arene ligand. On the other hand, the various π-complexes of NO + and arene donors represent prototypical charge-transfer interactions. Most importantly, they are fully (and quantitatively) formulated by Mulliken theory, 23,24 which is particularly useful in the delineation of electron redistribution in intermolecular interactions (DA) between electron donors (D) and acceptors (A), i.e., where ψDA represents the wave function of the electron donor/acceptor complex, and ψD,A and ψD+A-represent those of the van der Waals and the dative (charge-transfer) components, respectively. As such, the arene donor is subject to a delocalized (charge-transfer) perturbation by NO + , the magnitude of which is given as a spectral shift of λCT and proportional to E°ox. 25 With an electron-rich donor such as HMB, the degree of charge transfer is approximated by the (conceptual) structural change illustrated in eq 5, in which the donor moiety largely takes on the structure of the aromatic cation radical and the acceptor that of nitric oxide. 20, 26 Figure 2 Charge-transfer complex of hexamethylbenzene (HMB) and NO + in 45° perspective (a) and top perspective (b). Hydrogens and SbCl6 -counterion omitted for clarity.
Comparative Ring Expansions of Arene Ligands upon Cr(CO)3 and NO + Complexation.For
comparison, the X-ray data for the (η 6 -arene)Cr(CO)3 complexes in Table 1 also include the structural changes of the arene donor when subjected to the "noncovalent" interaction with NO + . It is noteworthy that the values of the structural changes, as denoted by Δ in the last column (bold type), are sizable and consistently similar to the Δ values for Cr(CO)3 complexation. According to Pauling's bond-length/bond-order relationship in eq 1, the significant magnitudes of Δ in Table 1 point to the transfer of charge (electron) density from the aromatic donor to Cr(CO)3 in amounts comparable to that with NO + . 19 To obtain a more quantitative measure of electron transference, we next turned to the class II arene donors in which the transfer of a full electron can be directly evaluated by comparing Δ in the formation of the aromatic cation radical itself, i.e.,
Structural Changes in Aromatic Cation
Radicals. As molecular entities, aromatic cation radicals are highly reactive, and those in class I are too transient to isolate as crystalline salts. 27 However, the multiring aromatic ligands in class II are better electron donors (with E°ox < 1.3 V vs SCE), and most importantly they yield substantially more persistent cation radicals, the salts of which can be isolated at low temperatures as single crystals suitable for X-ray diffraction analysis. 28 As such, Table 3 lists the important structural changes attendant upon the conversion of the class II donors OMB, OMN, and CRET to their cation radicals. The comparison of the interatomic bond lengths in neutral OMB with those in the cation radical OMB •+ in Table 3 reveals the average C−C bond length in the phenyl rings of OMB •+ to be 0.9 pm longer than that in the neutral donor, indicative of a significant ring expansion upon electron removal. 29 The ring-expansion phenomenon is also observed in the cation radical of the encumbered hydroquinone ether CRET •+ . Thus Table 3 shows that, upon one-electron oxidation, the average C−C bond length within the central aromatic ring of CRET increases substantially by 1.1 pm in the cation radical relative to that in the neutral precursor. In addition, upon oxidation the central ring inCRET suffers a quinoidal distortion and the peripheral OMe groups rotate into the aromatic plane (Figure 3 ). For convenience, the equivalent bonds in CRET are denoted by letters α, β, and γ in structure C. Table 3 shows that upon one-electron oxidation bonds α and γ become 2.9 and 6.5 pm shorter, respectively, whereas bond β becomes 3.1 pm longer, owing to a major contribution from the quinoidal structure D, 30 i.e.,
The last structural feature in CRET •+ concerns the motion of the peripheral methoxy arms. As depicted in Figure 3 , when the CRET molecule is oxidized, the OMe arms rotate until they lie in the plane of the central ring (torsion angle C−C−O−Me is 2°), whereas they are perpendicular to this plane in neutral CRET (torsion angle C−C−O−Me is 72°, see Table 3 and Figure 3 ). 31
Aromatic Ring Expansion versus Degree of Charge Transfer upon Cr(CO)3
Complexation.Structural changes as measured by the increase Δ in the average aromatic bond length of the cation radical OMB •+ relative to the neutral aromatic donor OMB are plotted in Figure 4 as a function of the number of electrons removed. Note that an intermediate point at 0.5 is also available from our previous structural study of the dimeric cation radical (OMB)2 •+ , in which an electron is removed from a pair of equivalent cofacial donors. 14, 32 The line in Figure 4 is arbitrarily drawn between OMB and OMB •+ to emphasize the linear relationship between bond-length changes of OMB and the (formal) number of electrons removed (i.e., oxidation).
The linear plot of the average bond-length changes in OMB in Figure 4 can be employed for a quantitative measure of the degree of electron redistribution upon complexation by Cr(CO)3. 19 Thus the inclusion of the point for (OMB)Cr(CO)3 onto the line in Figure 4 indicates that roughly one electron is redistributed from the OMB ligand onto the Cr(CO)3 moiety. In other words, the degree of charge transfer from OMB upon Cr(CO)3 complexation is roughly one. 34 Although the point for the NO + complex of OMB cannot be included, 35 we deem from the trend in Δ values listed in Table 4 that NO + complexation also results in about the same amount of electron redistribution. To quantify the degree of charge transfer in the Cr(CO)3 complex of CRET, we compared the structural changes relative to the characteristic changes in the cation radical CRET •+ . We found that the average C−C bond length in the central aromatic ring increases by similar values in both CRET species, i.e., 1.8 pm in the chromium complex and 1.1 pm in the cation radical, indicating that the charge removed from CRET and transferred to the tricarbonylchromium cluster corresponds to about one electron. The degree of charge transfer from CRET can also be gauged by considering the orientation of the peripheral methoxy groups relative to the plane defined by the central aromatic ring (approximately perpendicular in neutral CRET and periplanar in the CRET •+ cation radical). Upon coordination with Cr(CO)3, both methoxy arms also rotate toward the aromatic plane (torsion angles C−C−O−Me are 46.5° and −30.5° for two symmetrically nonequivalent methoxy groups; see Figure 5a ). 36 
Comments on the Mechanism of Electron Redistribution in Arene Ligands upon Cr(CO)3Complexation. A. Unsymmetrical Distortion in Polycyclic Aromatic Donors upon
Complexation by Cr(CO)3 and NO + Donors. The polycyclic aromatic donors OMB and OMN in class II provide some interesting insight into the mechanism of electron redistribution in the aromatic ligand upon complexation with Cr(CO)3.
The X-ray crystal structure determination of (OMB)Cr(CO)3 in Figure 6 reveals the average C−C bond length in the complexed ring to be dramatically increased by 2.1 pm, whereas that in the free ring remains unchanged within experimental error (see Table 4 ). Interestingly, the 2.1 pm elongation is twice that observed in both rings of the monomeric OMB •+ cation radical and therefore may be seen as the structural consequence of the transfer of approximately one electron with the positive charge concentrated in only one ring rather than delocalized over both rings of OMB. Similarly, in the naphthalenoid complex (OMN)Cr(CO)3, the complexed ring (see Figure 7a ) directly connected to the free ring experiences significant dilation, the average C−C bond length in the coordinated ring being 1.4 pm longer than that in neutral OMN, whereas the uncomplexed ring is largely unaltered. Both sets of structural data suggest that the electronic charge deficiency created in condensed aromatic hydrocarbons by the 1:1 complexation with Cr(CO)3 remains localized on the complexed ring and that no significant electronic delocalization takes place between the connected rings to stabilize this deficiency. Whatever the mechanism of such an electron redistribution by Cr(CO)3 may be, essentially the same applies to the main group acceptor NO + . Figure 7b shows that the NO + acceptor in the 1:1 complex with OMN is located directly over only one of the six-membered aromatic rings. 37 As a result, the naphthalenoid chromophore in the NO + complex is subject to an unsymmetrical distortion: the average C−C bond length in the complexed ring increases by 0.9 pm, whereas the uncomplexed ring is essentially unaltered from that in the neutral donor OMN (Table 4) .
In other words, the substantial delocalization of the charge deficiency created in a polyaromatic ligand upon coordination by the transition-metal acceptor Cr(CO)3 is undistinguishable from that induced by NO + as the main group analogue in which d-orbital participation is not a relevant factor in the intermolecular bonding.
B. Bond Alternation in Benzenoid Donors upon Complexation by Cr(CO)3 and NO + .
The comparable manner in which both Cr(CO)3 and NO + distort aromatic ligands is also shown with class I donors, but in a more subtle way. For example, the X-ray crystallographic analysis of the hexamethylbenzene complex (HMB)Cr(CO)3 at −150 °C reveals a significant (aromatic) bond alternation first observed in the benzene complex at −195 °C. 38 Thus, the three aromatic bonds eclipsed by the Cr−CO bond (see Figure 1a) are dramatically elongated by 2.5 pm, but the three staggered ones are essentially unaltered, being only slightly elongated by 0.5 pm. This result confirms the earlier theoretical analysis 39 and shows that the tricarbonylchromium cluster interrupts the conjugation in planar aromatic systems by inducing a significant short−long bond alternation within the complexed arene ligand.
Such a distortion induced by Cr(CO)3 is strikingly reminiscent of that in the 1:1 complex of HMBwith NO + , the X-ray crystallographic structure of which is shown in Figure 2 . In this charge-transfer complex, the NO + acceptor binds to the aromatic ring through the nitrogen center, which is at a short distance of 2.07 Å from the mean plane of the aromatic ring, and the N−O tilt eclipses one aromatic C−C bond, as shown in the top perspective (Figure 2b ). Most notably, only that unique aromatic C−C bond which is eclipsed by N−O + is significantly elongated to 1.6 pm, whereas the remaining five bonds are unchanged within experimental error. 40, 41 In a similar vein, let us consider the class I aromatic donor DMA with both Cr(CO)3 and NO + since the NO + complex shows a specific orientation of the acceptor. 41, 42 For example, the neutral donor DMA possesses two kinds of C−C bonds in the central aromatic ring, i.e., two short α and four long β bonds, the difference being ca. 2 pm (Table 5 ). Upon complexation with Cr(CO)3 ( Figure 8A ), one α and two β bonds are covered by CO arms. Again these covered (eclipsed) C−C bonds suffer from a greater elongation than the staggered ones, especially the two eclipsed β bonds that are elongated by 2.3 pm as compared with the two staggered ones. The same phenomenon is observed in the DMA complex with the nitrosonium acceptor, in which NO + is displaced from the center of the aromatic ring and tilted toward one β C−C bond (Figure 8b ). It is specifically this bond that becomes 1.1 pm longer, whereas the three other β bonds are unchanged within experimental error (0.2 pm). This result is consistent with that obtained with [HMB, NO + ] and shows that the noncovalent complexation with NO + leads to a repulsion of electron density of the eclipsed C−C bond without significantly affecting the other bonds. Let us now consider the sterically encumbered donor CRET, in which we earlier described (structure D) the quinoidal distortion similar to that observed upon one-electron oxidation. A closer inspection shows the distortion of the aromatic ring of CRET by Cr(CO)3 akin to that in DMA. In particular, the α bond which is eclipsed by a Cr−CO bond in Figure 5a is elongated by 3.1 pm more than the staggered α bond, and the two eclipsed β bonds are stretched by more than 1.6 pm relative to the two staggered ones. In a related manner, CRET also suffers the same kind of distortion upon complexation with Cr(CO)3 and NO + . With the NO + complex, two crystallographically independent units are observed that differ only in the location of the acceptor. In crystal unit A, the tilted NO + acceptor lies on the edge of the central ring of CRET and eclipses one β bond (Figure 5b ) which is 0.8 pm longer than the average of the three other β bonds. In crystal unit B, the NO + is more vertical and lies closer to the centroid. As a result, there is no marked distinction between eclipsed/staggered β bonds, and all the β bonds are more or less equally elongated (by 1.4 pm).
The conformational dependence of the NO + acceptor on the aromatic distortion of CRET as described above is also underscored in the structure of the [HEB, NO + ] complex, in which NO + is sterically constrained to lie (vertically) along the centroid axis ( Figure 9 ). As a result, there can be only one type of aromatic C−C bond, and it is important to note that all aromatic bonds are equally elongated by 1.4 pm. Such a homogeneous elongation of all aromatic bonds is not an intrinsic property of HEB, since the characteristic bond alternation like that in (HMB)Cr(CO)3 (vide supra) is observed upon Cr(CO)3 complexation. Steric encumbrance can also act in another way on the aromatic donor to orient the tripodal Cr(CO)3 in such a way that the carbonyl "arms" will eclipse the shorter C−C aromatic bonds and thus compete for electron density in the free ligand. For example, the hindered aromatic donor TET possesses an alternating sequence of long α bond and shorter β bonds arising from the Mills−Nixon effect. 43 In (TET)Cr(CO)3, steric hindrance by the bicyclohexyl substituents forces the Cr(CO)3 to orient its CO arms over the short β bonds, as shown in Figure 1b . In turn, both eclipsed (α) and staggered (β) bonds of the aromatic ring are lengthened upon complexation, but the eclipsed ones are much more altered (+3.0 pm instead of +0.8 pm for the staggered ones). Consequently, the previously short β bonds in the free ligand are elongated by 0.5 pm more than the α bonds in the chromium complex because of the effect of the carbonyl groups. Thus the (η 6 -TET)Cr(CO)3 complex may be seen as a complex in which structural constraints due to the Mills−Nixon effect and those originating from the coordination of Cr(CO)3 oppose each other and lead to an almost complete cancellation of bond-length alternation in TET. As a result, an interesting comparison can be made between the chromium complexes of HMB and TET. The effect of Cr(CO)3 on these ligands remains the same upon complexation (expansion of the eclipsed C−C bonds), but it leads to opposite results, that is, the interruption of conjugation in (η 6 -HMB)Cr(CO)3 but almost complete equalization of all C−C bonds in (η 6 -TET)Cr(CO)3. As a comparison, it is to be noted that in the nitrosonium complex [TET, NO + ], the central ring gets larger, but the β bonds on one hand and the α bonds on the other hand expand homogeneously.
Summary and Conclusions
Arenes such as benzene (Ar) are electron donors by virtue of their ready (i) one-electron oxidation to cation radicals (Ar •+ ), 12 (ii) formation of charge-transfer complexes [Ar,A] with π-acceptors such as A = nitrosonium cation (NO + ), 20 (iii) self-association to form dimeric cation radicals (Ar2 •+ ), 33 and (iv) complexation with coordinatively unsaturated transition-metal fragments such as MLn = Cr(CO)3 to form the π-coordination complexes (η 6 -Ar)Cr(CO)3, 4 as schematically represented in Chart 2.
Chart 2
In this report, we show that the precise measurement of the structural changes in the arene ligand provides considerable insight into the common nature of such intermolecular interactions.
Complexation of various arene donors with Cr(CO)3 invariably lead to significant ring expansion. In fact, the magnitude of the structural change quantitatively parallels that observed in the production of the cation radical (Ar •+ ) itself and in the complexation with nitrosonium cation as the prototypical (main group) electron acceptor in charge-transfer complexes [Ar, NO + ] as classified by Mulliken. 23, 24 As such, the transfer (outflow) effectively of a full unit of charge from the aromatic ligand is a common characteristic of the intermolecular interactions in Chart 2.
The detailed comparison of the structural changes in various aromatic ligands shows that complexation by Cr(CO)3 and NO + effects the same type of ring distortion, leading on one hand to selective ring enlargement of polycyclic aromatic donors of class II and on the other hand to specific bond alternation in benzenoid donors in class I. We believe both types of distortion are intimately related to the donor/acceptor bonding and underscore the common nature of intermolecular bonding of an arene ligand, be it with a transition metal [Cr(CO)3] or main group [NO + ] acceptor. As such, we hope that the collaborative interaction now in progress will provide the theoretical basis for unifying the classical concepts of ligand coordination with the Mulliken concept of charge transfer.
Experimental Section
Materials. Hexamethylbenzene (HMB) (Aldrich) and hexaethylbenzene (HEB) (Acros) were purified by repeated crystallization from ethanol and heptane. The synthesis of the various electron donors such as 9,10-dimethoxy-1,2,3,4,5,6,7,8-octahydro-1,4:5,8-dimethanoanthracene (CRET), 31 1,2,3,4,5,6,7,8-octahydro-1,4:5,8-dimethanoanthracene (DMA), 44 1,2,3,4,5,6,7,8,9,10,11,12-dodecahydro-1,4:5,8:9,12-trimethanotriphenylene (TMT), 45 1,2,3,4,5,6,7,8,9,10,11,12-dodecahydro-1,4:5,8:9,12-triethanotriphenylene (TET), 46 1,2,3,4,5,6,7,8-octamethylbiphenylene (OMB), 47 and 1,2,3,4,7,8,9,10-octahydro-1,1,4,4,7,7,10,10-octamethylnaphthacene (OMN) 48 have been described previously. Cr(CO)6 was purchased from Acros Chemical Co. and used without any further purification. Nitrosonium hexachloroantimonate 49 was stored in a Vacuum Atmosphere HE-493 drybox kept free of oxygen. Dichloromethane (Mallinckrodt analytical reagent) was repeatedly stirred with fresh aliquots of concentrated sulfuric acid (∼20 vol %) until the acid layer remained colorless. After separation, it was washed successively with water, aqueous sodium bicarbonate, water, and aqueous sodium chloride and dried over anhydrous calcium chloride. The dichloromethane was distilled twice from P2O5 under an argon atmosphere and stored in a Schlenk flask equipped with a Teflon valve fitted with Viton O-rings. The hexane, toluene, and tetrahydrofuran were distilled from P2O5 under an argon atmosphere and then refluxed over calcium hydride (∼12 h). After distillation from CaH2, the solvents were stored in the Schlenk flasks under an argon atmosphere. The dibutyl ether was purchased from Aldrich Chemical Co. and stored in a Schlenk flask equipped with a Teflon valve fitted with Viton Orings.
The cation radicals of octamethylbiphenylene (OMB) and of the hydroquinone ether CRET were prepared by using triethyloxonium hexachloroantimonate as oxidant. 14 
